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Abstract.
In the past decade, vibration energy harvesting has emerged as a potential alternative
solution to power wireless sensor nodes. In real-world implementations, external excitation can
be very noisy and includes noise signals in a wide frequency band. In order to accommodate
operation under noisy excitation, arrays of energy harvesters with different resonance frequencies
are often employed to improve responsibility. Due to the nature of noisy excitation and the
difference in resonance frequencies, the response voltage signals from each harvester can be very
different in amplitude, frequency and phase. In this paper, an array with two cantilevered energy
harvesters is studied to analyze the rectified output power with different configurations using
full-bridge rectifiers (FBR). The experiments show that connecting the two harvesters in parallel
or in series before connecting with a FBR results in significant voltage cancellation due to phase
mismatch. The most efficient way to extract energy is to use two FBRs for the two cantilevered
energy harvesters, individually, and charge to one single storage capacitor connected at the
outputs of the two FBRs.
1. Introduction
Among different vibration energy harvesting topologies, piezoelectric materials are widely
adopted due to their high power density in mm2 scale miniaturized energy harvesting systems [1].
Although many different active rectification circuits were proposed in the past decade [2–10],
full-bridge rectifiers (FBR) are widely employed in commercially available systems due to
their simplicity and stability. In alignment with miniaturization trends for wireless sensor
systems, MEMS piezoelectric harvesters (PH) are drawing much research interest due to their
compatibility with conventional CMOS technology [11–14].
A miniaturized piezoelectric harvester (PH) in 10’s mm2 scale can typically generate raw
AC power up to 100’s µW varying by different piezoelectric materials, structures and ambient
conditions. In order to achieve the maximum possible output power, the PH is excited at its
resonance frequency with a sinusoidal excitation signal under the highest operational excitation
level. Although the resulting 100’s µW peak power is promising to fully sustain operations of
most wireless sensors, the usable rectified DC power in real-world implementations can be much
lower than this peak value of around 10’s µW. This significant power decrease is mainly due
to two reasons: the wide frequency bandwidth of the real-world vibration conditions where the
PH is implemented and the power extraction efficiency of the rectifier. In order to increase the
effective frequency bandwidth for real-world noisy vibration environments, an array of two or
more cantilevers with different resonance frequencies aiming at different frequency bands was
designed in [15–18]. Due to the wide bandwidth of the excitation signal and the difference in
resonance frequencies, the voltage signals generated in each cantilever can be very different in
frequency, amplitude and phase. As a result, by simply connecting the harvesters up in series
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Figure 1: Photos of the MEMS device with an array of two micro-cantilevers (left) and the test
board with one LCC44 socket and two FBRs (right).
Figure 2: COMSOL model of the MEMS device with an array of two micro-cantilevers (left)
and the measured resonance responses of the two cantilevers (right).
or parallel, it is possible to reduce the overall output power generated. Hence, power extraction
methods from these cantilevers should be analyzed to increase the rectified DC power. In this
paper, the rectified DC power of an array of two cantilevered piezoelectric harvesters (PH) using
up to two FBRs under wide frequency-bandwidth excitation is analyzed and experimentally
evaluated. The results show that each cantilever requires an individual FBR to extract and
rectify the energy. By contrast, if only one FBR is employed while the two micro-cantilevers
are connected in parallel or series before connecting with the FBR, the resulting DC power is
extremely low due to the voltage cancellation cased by out-of-phase voltage combination.
2. Experiments
Figure 1 shows the fabricated MEMS device with an array of two cantilevers and the test board
with two FBRs and a few energy storage capacitors. The size of the MEMS die is 11 mm ×
11 mm and the two micro-cantilevers can be seen in the figure. During the measurements, the
MEMS device is placed in a LCC44 leadless chip carrier, which is placed in the LCC44 socket
on the test board fixed on a shaker.
Figure 2 shows the COMSOL model for the MEMS device comprising an array of two
cantilevers. The device is designed in a MEMS process with AlN (Aluminum Nitride) as the
piezoelectric material and the simulated model is with the same dimension as the device to
be tested in the following experiments. The resonance frequencies of the two cantilevers are
designed to be 463 Hz and 501 Hz, respectively. Due to fabrication tolerances, the fabricated
MEMS cantilevers are measured to have resonance frequencies at 517 Hz and 570 Hz, respectively,
as shown in the right sub-figure of Fig. 2
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Figure 3: Noisy excitation profile signal centered at 500 Hz in time-domain (left) and frequency-
domain (right).
Figure 4: Simulated open-circuit voltage signals from the two micro-cantilevers under noisy
excitation.
A vibration profile is used for following experiments instead of using a sine wave signal to
mimic the real-world excitation. The time-domain and frequency-domain plots of the profile is
shown in Fig. 3. This vibration profile has a peak frequency at 500 Hz with broadband noise.
The MEMS device with two cantilevers is excited under this profile.
Fig. 4 shows the simulated open-circuit voltage from the two cantilevers excited with the
profile data shown in Fig. 3. It can be seen that the output signals from the two cantilevers
are significantly different in amplitude in the two upper sub-plots of Fig. 4. A zoomed-in figure
shows the two signals in a 10-ms period and it shows that there is a significant phase mismatch
for the two cantilevers due to the difference in the response characteristics. If the two cantilevers
are connected in parallel or in series before connecting to a FBR, voltage cancellation due to
phase mismatch can result in significant energy waste.
The following measurements are split into two parts: testing the two cantilevers separately
and testing them together in different connection configurations. The left sub-figure in Fig. 5
shows the measured DC power while the two cantilevers are tested individually. In the plot,
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Figure 5: Measured rectified DC power. Left: DC power by two cantilevers while measured
individually. Right: Two cantilevers are measured together using two FBRs for each one and
while connecting them in parallel and series before connecting to a single FBR.
Table 1: Summary of measurement results
Individual tests Two cantilevers together
Cantilever DC power Type DC power
No. 1 5µW Using two FBRs 8.4µW
No. 2 3.8µW One FBR (parallel) 3.3µW
Mathematical sum 8.8µW One FBR (series) 2.7µW
the horizontal axis shows a representative measurement time axis plotted up to 500 s and the
vertical axis shows the rectified DC power. The measurements were performed to charge energy
storage capacitors via a FBR and the DC power is then calculated from the measured voltage
across capacitors for every 25 seconds. These two measurements show that the two cantilevers
can output peak power values of 5.0µW and 3.8µW, respectively, when they are measured
individually.
The two cantilevers are then measured together to show the DC power under different
configurations. The results are shown in the right sub-figure of Fig. 5. For the first configuration
(labeled as “Two FBRs”), two FBRs are used (one for each cantilever) and the outputs of the
two FBRs are connected together to charge sharing energy storage capacitors. In this case,
measured peak DC power is around 8.4µW. For the following two configurations, only one
FBR is employed and the two cantilevers are connected in parallel/series prior to connecting
to the FBR. In these two cases, the measured DC power levels are around 3.3µW and 2.7µW,
respectively.
The measurement results are summarized in the table 1. It can be seen that, due to the
phase mismatch between the two cantilevers under noisy excitation, the DC power values for
parallel and series configurations are much lower than the mathematical sum of the power values
individually measured from the two cantilevers. This is due to the voltage cancellation when
excited under noisy excitation. When each cantilever is connected up to a separate FBR, the
measured output power is almost the mathematical sum and there is very little energy loss in
this case.
3. Conclusion
This paper analyzes the phase mismatch for multiple piezoelectric cantilevers connected up in
either parallel or series excited under noisy excitation. A MEMS piezoelectric harvester with
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an array of two micro-cantilevers were fabricated to test the theory. During the measurements,
a vibration profile with broadband noise is used to excite the MEMS device. Simulation and
experimental results show a significant voltage cancellation if the micro-cantilevers are directly
connected in parallel or in series prior to rectification. In order to extract and rectify energy
generated from an array of cantilevers, each cantilever requires an individual FBR in order to
eliminate voltage cancellation and to maximize the extracted DC power. If only one FBR is
employed by connecting all the micro-cantilevers in parallel or in series, the resulting DC power
can be extremely low due to the phase mismatch across the cantilevers.
References
[1] P. D. Mitcheson, E. M. Yeatman, G. K. Rao, A. S. Holmes, and T. C. Green, “Energy harvesting from
human and machine motion for wireless electronic devices,” Proceedings of the IEEE, vol. 96, no. 9, pp.
1457–1486, 2008.
[2] S. Du and A. A. Seshia, “An inductorless bias-flip rectifier for piezoelectric energy harvesting,” IEEE Journal
of Solid-State Circuits, vol. 52, no. 10, pp. 2746–2757, 2017.
[3] D. Kwon and G. A. Rincon-Mora, “A single-inductor 0.35 um cmos energy-investing piezoelectric harvester,”
IEEE Journal of Solid-State Circuits, vol. 49, no. 10, pp. 2277–2291, 2014.
[4] S. Du, Y. Jia, and A. A. Seshia, “An efficient inductorless dynamically configured interface circuit for
piezoelectric vibration energy harvesting,” IEEE Transactions on Power Electronics, vol. 32, no. 5, pp.
3595–3609, 2017.
[5] Y. K. Ramadass and A. P. Chandrakasan, “An efficient piezoelectric energy-harvesting interface circuit using
a bias-flip rectifier and shared inductor,” in Solid-State Circuits Conference - Digest of Technical Papers,
2009. ISSCC 2009. IEEE International, Conference Proceedings, pp. 296–297,297a.
[6] M. Dini, A. Romani, M. Filippi, and M. Tartagni, “A nanopower synchronous charge extractor ic for low-
voltage piezoelectric energy harvesting with residual charge inversion,” IEEE Transactions on Power
Electronics, vol. 31, no. 2, pp. 1263–1274, 2016.
[7] S. Du, Y. Jia, C. D. Do, and A. A. Seshia, “An efficient sshi interface with increased input range for
piezoelectric energy harvesting under variable conditions,” IEEE Journal of Solid-State Circuits, vol. 51,
no. 11, pp. 2729–2742, 2016.
[8] G. D. Szarka, B. H. Stark, and S. G. Burrow, “Review of power conditioning for kinetic energy harvesting
systems,” Power Electronics, IEEE Transactions on, vol. 27, no. 2, pp. 803–815, 2012.
[9] S. Du, Y. Jia, C. Zhao, S.-T. Chen, and A. A. Seshia, “Real-world evaluation of a self-startup sshi rectifier
for piezoelectric vibration energy harvesting,” Sensors and Actuators A: Physical, vol. 264, pp. 180–187,
2017.
[10] E. E. Aktakka and K. Najafi, “A micro inertial energy harvesting platform with self-supplied power
management circuit for autonomous wireless sensor nodes,” IEEE Journal of Solid-State Circuits, vol. 49,
no. 9, pp. 2017–2029, 2014.
[11] A. Hajati and S.-G. Kim, “Ultra-wide bandwidth piezoelectric energy harvesting,” Applied Physics Letters,
vol. 99, no. 8, pp. –, 2011.
[12] H. Liu, C. J. Tay, C. Quan, T. Kobayashi, and C. Lee, “Piezoelectric mems energy harvester for low-frequency
vibrations with wideband operation range and steadily increased output power,” Microelectromechanical
Systems, Journal of, vol. 20, no. 5, pp. 1131–1142, 2011.
[13] S. Du, Y. Jia, S.-T. Chen, C. Zhao, B. Sun, E. Arroyo, and A. A. Seshia, “A new electrode design method in
piezoelectric vibration energy harvesters to maximize output power,” Sensors and Actuators A: Physical,
vol. 263, pp. 693–701, 2017.
[14] Y. Jia, S. Du, and A. A. Seshia, “Twenty-eight orders of parametric resonance in a microelectromechanical
device for multi-band vibration energy harvesting,” Scientific Reports, vol. 6, p. 30167, 2016.
[15] H. C. Lin, P. H. Wu, I. C. Lien, and Y. C. Shu, “Analysis of an array of piezoelectric energy harvesters
connected in series,” Smart Materials and Structures, vol. 22, no. 9, p. 094026, 2013. [Online]. Available:
http://stacks.iop.org/0964-1726/22/i=9/a=094026
[16] X. Huan, H. Yuantai, and W. Qing-Ming, “Broadband piezoelectric energy harvesting devices using multiple
bimorphs with different operating frequencies,” Ultrasonics, Ferroelectrics, and Frequency Control, IEEE
Transactions on, vol. 55, no. 9, pp. 2104–2108, 2008.
[17] Y. Jia, S. Du, and A. A. Seshia, “Micromachined cantilevers-on-membrane topology for broadband vibration
energy harvesting,” Journal of Micromechanics and Microengineering, vol. 26, no. 12, p. 124007, 2016.
[18] H. Zhang and K. Afzalul, “Design and analysis of a connected broadband multi-piezoelectric-bimorph- beam
energy harvester,” Ultrasonics, Ferroelectrics, and Frequency Control, IEEE Transactions on, vol. 61,
no. 6, pp. 1016–1023, 2014.
